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ABSTRACT

Systemtically derived judgpents of levels cf vertical sinuscidal
vibration severity from 1 to 27 cps were obtained under laboratory
controlled conditions fcr each of 15 selected male sullects. These
vibration levels were ecstablished in terms of four levels defined as
Definitely Perceptible, Mildly Annoying, Extremely Annoying and Alarming
a6 acceleration increased for each fixed frequency at a constant rate.
The results established four profiles of accelerstion from 1 to 27 c¢ps
to be used as the vibration frequency and amplitude points in Che
vibration en- ‘romment for a series or tests of lLusan performance in
the remaining progrem. Correlation of judgment with velocity, acceler-
ation, and double amplitude according to freguency wr -e noted., A
definite correlatinn between reported dody area sel;iiively affected
and frequency was also found. As reported in previcus studies in the
literature, the body is evidently more sensitive tc vibration at
selected frequencies, suggesting body organ azd appendage resonance.

Document Number D3-3512-1 reports ihe first experiment of a series
designed to study vibration effects on luman performance. Other
experimentz will be reported sequentially in the document series
D3-3512-2 through D3-3512-7. A1l results vill be integrated and
summerized in D3-3512.0,
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SUIRMARY

This experiment was conducted in the Boeing Human Vibration Facility to
derive vibration intensity judgmerts of (1) Definitely Perceptible, (2)
#Mildiy Anneying, (3) Extremeiy Annoying, and {4) Alarming. in a des-
criptive range including a lower intensity of (0) Just Barely Perceptible,
and bigher intensities of (5) Limit of Physical fontrol, and (6) Limlt
of Voluntary Tolerance. Judgments were obtained for 16 frequencies in
the range 1 to 27 cps, using 15 subjects who identified intensity by
pressing a rutton under the right index finger. It was expected that
inensities defized as (1), (2), (3), or (4) ahove would be used as
the specific con.rolled vibration enviromment for studies of effects
of vitration on huwan performance later in the program.

The dxta analysis indicated that the obtained intensity levels would
satigfy vibration requirements for future studies in this series. It
was discovered that the levels could be correlated with velocity,
acceleration, and double amplitude, or combinations of these depending
ox different frcg:ev.>y rances. Velocity was essentially constant at;

1 to 1 1/2 cps, acceleration at 1 1/2 tc 8 or 10 cpe, double amplitude
at 8 or 10 to 16 cps, and a combination of acceleration and double
amplitude wac most closely related to judgment levels from 16 to 27
cps.

Judgmert or vibration varied significantly between levels and betwaen
frequencies (using acceleration to define intensity) suggesting dis-
tinctions related to judgment as well as frequency. Similar differences
between subjlects could not be explained since differences in semantic,
personality (e.g., cautious attitude) and body characteristice scre
involved.

A distinct correlation between affected body area and frequency was dis-
covered by tabulating subject and experimenter observations. Lower fre-
quencies affect one part of the body more, with increasing frequency
paralietiing shif'ts to other body regions so that reports of affected
body sreas changed .rom "buttocke” to "sabdominal", "chest”, then to
"vigion and hesd”. No reliabie correlation wrends could be found
between affected body ares, judgwent of vibration, and btody character-
istics.

e e arvaen
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CONCLUSIQNS ANI, RECGRMENDATYIONS

I. VIBRATION IEVELS

A. Four levels c¢f vibration Geseribed ss (1) Defin’ tely Percentidble,
(2) Mil1dly Ammoying, (3) Extremely Annoying, and (4) Alarming,
were derived in this experiment.

3 : . B. These four ievels will serve the intended purpose of identifying
frequency ard amplitude ccmbinations for performance measures
during later experiments.

: 1. There were wide variations between these vibrmtion levels
: as frequency varied.

oy

. 2. The data indicated that defining vibrstion test conditviuvas

: | sixply in terms of constant acceleration or double amplitude
as frequency varies is undesirable in certain regions if
potential denger is to be avoided.

2]

The levels of vihration derived in this ctudy differ from much
of the similar research which has been reported, particularly
in a parallel increase of accelerstion szl frequency found from
- 8 to 15 cps. These differences appear to be related to test
configurations and supports, and to orientation of the subjects.

-

e
.

II. CURVE ARATYSIS AND COMPARISGIS

Sm C. res

A. Vibration Judgment for given frequency ranges was related to con-
stant velocity, acceleration, and double ampiitude as follows:

'L Velocity ¥ K,1tol1lf2cps

‘ : Acceleration ¥ KX, 11/2 to 8 or 10 cps

L Double Amplitude ¥ X, 8 or 10 to 16 ard 18 cps
Double Ampiitude ¥ K, 16 and 18 to 27 cps

t s vs. Acceleration

B. Relatively high acceleration sensitivity was irdicated at 1, 4 to
10 and sbove 20 cps, with sccepted accelerations notably lower for
subjectively equivelent vibrazion.

e
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Individucl Curves

: A, Apparent differences between vibration levels vere statistically
“ significant.

) B. For the total frequency range, relativelv high accelerations were
i derived for equivalent levels in the 1 1/2 and 18 cps regions.

< { ‘ Exact occurrence of theae accelexations varied in frequency for

' difrerent subjects.

: C. Curve tr nds were the same for all subjects.
TII. CORFELATI(NS

i A. A definite correlation vas found between frequency and affected
. body area. Reports of effacts shifted from lower toc upper
: thoracic-abdominal regions, then to the head as frequency ine-

i A e s s

B. Vibration effects on the extrumities shifted from general to
E‘ localised as frequency increased.

C. No correlation could be found between gross body characteristics
- and vidbration judgments.

o ——y

D. FRelatively minor control of diet, elimination; and rest appeared H
to be sufficient. No discrepancies in results relsted to the i
relatively minor subject variation in these controls were dis-
covered.

e ————— ) 0N T ——- - ——— .

IV. APPLICATIOR OF DATA

A. The curves of vibration intensity derived indicate opersble
! levels of vibration for short time periods. At this time it ;
. is not considered desirable to exceed the highest intensity :

levels with random vibration peaks on more than an occasional

besis. Even then, caution is particularly desirable in con-

sidering level I in the regloa 3 to 8 cps. More conservative

recommendations may become necessary as performance information —
related to these curves becomes avallable later in this program.

RS —
-~

B, ‘'Ine nature of the vibration curves suggest that vibration mey
be dissipated by conversion to less troublesome frequencies through
structural design or modification. -

C. Dota from reports by the subjects suggest body regions which are
affected and vhich can be usel to analyze frequency-ccceleration

I effects on specific human task functions integrated into a

i total job for an interim approach in system design pending data

from later studies in this program.
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V. RFQUIHED STUDIES

F‘ . A. A literature review and integration primarily intended as a

- ’ design handbook is required. Division of the review into three
! mejor sections cf information is recommended: () Human

o Engineering, (2) Psychological, and (3) Physiological.

B, Experiments and analyses are required to determine correlates
for extrapolating psychological and physiological data from
sirusoidsl to random operational envircnwents.

C. Effects of long time exposure to sinusoidal and random vidbration
requise study.

HETERYY

D, General

. 1. More precise systems for scaling psychologicel responses
and body reaction to vibration are necessary to aid in

- understanding discrepancies between studics and to eetadlish

the best descriptions of human response to vibration.

Knowledge of mechanics of body organ response, through
definition of displacement and spring-mass relationships
b of tody organs and supporting tissues is necessary.

- 3. Specific studies to identify appropriate restraint and
support systems are requilrec.

E. A program is recommended to determine effects of vibration related
to variations in body type, age, experience, weight, sex, tesper-
ature and midity.
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INTRODUCTION

There is considerable evidence that vibration affects human performance
P (References A, X, L, and 0), but little information directly applicable
to design problems is available, As a resuit, vibratio~ found in low
altitude flight vehicles and expected in re-entry of space capsules

into the atmosphere as well as vibration from other environments have
exphasized tue need for muman vibration data spplicable to operational
systems in designing optimmum men-machine systems., Data is available for
descriptions of (1) comfort, (2) physiologicel effects, and (3) human
Judgment of vibration. However, reported performance information is
limited for use in solving practical design questions about expected
jmmen performance during system vibration. Most available data has been
obtained for comfort and physiological studies or highly specialized

- performance requirements such as visusl acuity and simple tracking

£ problems that are too remote from the problem for many design questions.

Wik R e 1 s 2 hs

e e e e e e
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This experiment is the first of a series designed to study effects of
vibration on uman performence specifically foi a broad range of human
skills as they are to be applied in current and future systems. The study
reported here was designed to systematically derive judgments of vibration
i intensities in the range 1 - 27 2ps under carefully controlled conditions
for & description of psychological responses to the effects of vibration

- on the body. The levels of vibration defined by this method will be used
to specify intensities in the rest of the study within limits of physical
control by human sublects.

P

e

! ur——"
o

[PET—

| b

Several purposes were included in planning for this study. The levels itc 1
be obtained were expected to permit correlation of Jjudgment with physical

descriptions of vibration (velocity, acceleration, double amplitude and

frequency). Interview questions concerned with general comments and

affected hody area were designed to obtain information for relating

physical descriptions of vibration, judgment, and body characteristics.

H Subjects’ suggestions were collected for possible problem areas requiring

i immediate study for current systems, and for improved program procedures,

' ag subjects and experimenter obtained a better understanding of what to

expect with vibration.

pramininmg
PR

This experiment was designed ‘o define vibration intensities to provide
an operational framework for later studies. In la%er studies dats will
be collected for direct application in systeus design, including the
cffocts of vibration on: hearing and cpesch; visuel pounity snd movement
perception; linear and rotary movement ¢f the fingers, and of the hand
snd arm; a complex task involving all of these; and foot response
capability. This data wiil be integrated in a summery report to provide
information for the following:

oy
[ —

1. Vibration affecting specific perceptual-motor skill requirements
within a vange of 1 - 27 cps.

b o
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2. Perceptuel-motor abilities affected by vibrstion and the fre-
quency-anplitude combinations related to these effects.

3. Ilimitations in applying dats to design problems.

L. Reguirements for display control design with low frequency
vibration.

5. Expected individual variability for specific perceptual-motor
skills @-ring vibration, and

6. Information for improving uman performance during vibration for
improved systems capebilities.

Experience has shown that this information coupled with task perfurmance
data broadly representing human capebility is necessary to meet design
engineering requirements.

To obtain backgrourd for this atudy, a selected list of references was
reviewed and snelywed Zfor deteyrmining vibration effects on mmans,
questionable vibration intensities and general beckground. A summary
of comparable data collected fram these reviews i3 shown graphically
in 1 s 1 and 2, witn figure 1 indiceting Judgment and tolerance
data (including data from this experiment) and figure 2 presenting
intensities ueed in collecting performance data.
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Fie.1 ! ASERES ORCURVES REPRESENTING DATA FROM SIMILIAR ZESEARCH

IN JUDG&ING VIBRATION . JUDOMENT [EVELS INCUJDED BANGED EROM
TURESHOLD OF PERCEPTION TO THE LIMIT OF ACLELERATION SUBJECTS "WoOUI
BE WILLING TD UNDERGO BEFORE /T WAS THOUGHT THAT ACTUAL. BODY HARM
WCULD OCLUR'.. DATB. FROM THIS REPORT 1S INCLUDED FOR COMPARISON,
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LEGEND

AUTHORS £ DESCRIPTION o
VIBRATION,

—— A GOLDMBN  (REE. F)
I PERCEPTABLE
ZUNPLERSANT
3 INTOLERARLE

— B.GORRILL & ONVOER (RER A)

(TREZESHOLD ¢ - PEMCEPTION

2 DEFNITELY OREMSILY
PERCEDTIRLE,

3.IRRZITRTING OR ANNOYING

4, NAY. TOLERARYE FOR
CONTINUQUS OPERNTION

5, INTOLERABLE:

X HGHEST INTENSTY

ENDLRED

——C.MBGID ¢ COERMANN (REF L)
LTHREE MIN, TOLERMY.E LIM,
2. .ONE MIN, TOLERANCE. LIM,

== 0, PARKS

S () | OEFIN{TELY PERCEPTABLE

LMILDLY ANNOYING

3 EXTEENELY ANNOYING

4 BUARMING

Y RIGHEST INTENSITY ChUED

LLACMING

veree €. ZEIGENRUECKER £ MAGID
(Ref P)

Lnulluﬂtuxiuu I SHORT TIME TOLERANCE
5 20 yos) 30 £

*mueucv <))

REPRESENTING DATA FROM SIMILIAR ZESEARCH
EJUDGMENT LEVELS INCLUDED PANGED EROM

N TO THE LIMIT OF ACCELERATION SUB.JELTS "WoULD
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METHODOLOGY

Amtus

The Boeing Humen Vidration Facility (Heference B ) was vied to provide the
vivbration environment for this test: a vertical, sinusoidal vibration with

a8 very gradual increase in amplitude at each frequency used in the range

from 1 - 27 cps. A standard aircrafi; seat was reinforced (to insure the

most complete tranamission of vibration possible) und mounted to the platform.
Reinforced plywood inserts covered with 3/4 inch hard felt were used in

place of normal seat cushion or parschute packs to insure full treansmission
of vibration through the chair to the man so that all subjecte would re- !
ceive the same regulated vibration input at the point of contact with the

seat. This averted problems associated with a complex seat absorption

pattern or with different subject weights (Reference A, p 17), and allowed

for a better comparison beitween subjects than might otherwise be possible.

.-
[,

g

e g
[or—

A heavy sircrafi control wheel and column were installed in the normal .
cperating position with respect to the subject for these terts. Subjects i
(Ss) were required to lold a "deadman” swivch located under the left hand

fingers on the vheel throughout each vibration period. A signal button on

the right hand grasp and adjacent to the index finger was used to record

the levels of vibration.

p———
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T e

o

P
Vv s

A test display pancl was mounted to the platform and in front of the control
column, located about 23" in front of the subject. The center of the dis-
play was perpendicular to a line of sight dropped 10° from the horizontal.
¥hile it was not part of this test, the subjects practiced on the task
(Reference C) between vibration periods in preparation for a later experiment.

PR -
-

Vibration

A signal generator was used to control vibration frequency. The generator
set at a given frequency. controlled the period by operating a servo-
actuated ram-lock system. A linear feedback potertiometer on the platform
fed a signal back to the control unit which insured control of vibration
amplitude according to specifications.

-

| The experimentel procedure was to gradually increase amplitude from 0.0 for
H each frequency tested, with S indicating each level as he judged amplitude
had reached each defined intensity level.
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]

pow wing
.




L e

~

[ — —

[P —

p—

...,....
O

o ey
P

ot

-
Jonn——

B oy
N we

——y

P

s

v

DOFING WAV TE

D3-3512-1
Zuge 10

|

A.  VIBRATION TEST CHAMEER B. EQUIPWINT COKTROL CEXTER

C.  EXPERIMERTAL CONTRCL STATI
FIGURE 3: TEST STATIONS MANNED DURING TESTIN:. AN M.D. WAS ALSO PRESENT
AT THE EXPERIMEN{AL CONTROL STATION.
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Frequencies

The frequencies selected for testing in this study were 1, 1 1/2, 2, 3, &,
5, 6, 8, 10, 12, 14, 16, 18, 20, 23, and 27 cps. These were divided into
two groups for the two groups of subjects who were tested as follows:

Group & 1, l11/2 2, y, 6, 10, 14, 18, 23

Group B 112 3 5 8 1, 16, 18, 20, 2T
This organizatic ° of groups and frequencies would permii some over-lapping
between groups to check comparsbility and avoid an extensive test period

requiring all subjects to evaluate 211 frequencies, while permitting reason-
able coverage of the frequency range to be investigated.

Electrocardiograph SECGZ Recordings

An electrocardiograph system was developed to permit monitoring of each Ss
condition during testing. It consisted of three wire mesh contacts, two
on the pectoral muscles of the chest and one (a ground lead) on the right
mastc id process. These were prepared by rubbing the body area and the
contact with an electrolytic jelly commonly used for ECG contacts. The
two pectoral contacts were held in place by elastic bandages, the mastoid
contact with collodion ( a kind of glue used by M.D.'s ¢o protect wounds).
This system wus then plugged into a vibraticn seat terminal wvhere the
signal was transmitted and magnified by a D.C. amplifier for a print-out
on a two-channel brush recorder. While somevhat subject to muscular
excitation, the system would give a perfect ECG record at best, and heart
beat strength and rhytlm at worst.

Judgment. levels - Rationale

As was indicated in figure 1, few research efforts agreed in defining

vibration intensity, with "Tolerance Limits" for one study exceeded by

asiother's implication of "Mildly Irriteting”. Goals of the studies

differed but semantic and other individual differences are slso suspected.

For example: One study would %e interested in the maximm intensity fare- -
paying pagsengers would accept, another in the point whers dawmage was

irminent.

To avoid these problems sevaral analytical approaches to defining judgment

levels for vibration were tried, including the more precise techniques -
develcped by Thurstone {Reference C)} and those of deriving a scale of

Hoticesble Differences. Mesy psychwivgical dimensions (pain, fear,

physiological, general perceptiun and others were noted) lead to the con-

clusion tuat an cxtensive program and considerable direct experience by

Judges in perception of vibration was necessary to use more precize Judgment

procedures. Alternate solutions were attempted since an extenzive effort

to develop & lumar vibration scals was ocutside the scope of this program.
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An analvsis to define vibration very precisely was rejected as experience
again became an obvious requirement and as it became apparent that too
rigid a definition could force subjecis into intensity regions that.they
could not accept.

The final exercise resulted in a decision to permit semantic and individusl
fluctuations according to the subjects' interpretation, then provide indivi-
dual subject and summary descriptions of judgment levels to define an
acceptable range of vibration for the resi of the program. This would
provide concrete points for testing and permit understarding of the raunge
actuslly descri ed by the particular levels.

Subjects (Se)

Subjects were i7 Boeing Wichita employees who volunteered for the studies
in response to a notification to test aircraft operators and a compeny
newspaper srticle indicating that volunteers were needed. Volunteers were
interviewed by the experimenter, then required to undergo a comprehensive
physical exsmination as part of the pretest procedure (which eliminated
50% of the volunteers). Several of the volunteers withirew for reasons
unrelated to the test.

The test started with 17 subjecte, split into two groups of 8 and 9
subjects each. One S tranelerred and another terminated shortly after
the test started. Unkaown to the experimenter until the final test
gession, one S refused to accept the test framework bescause of what he
termed "amhiguous levels". He had apparently developed his own scale
which might be defined in part as four levels of "just discriminable”
differences. His four levels clustered closest to the Definitely
Perceptible levels of the other Ss. Unfortunately, while date ard
comments suggested during the experiment that this S might not be
operating within the proper framework (Example. ineonsiste Teports
"That fourth level wmsn't alarming to me", followd vy 1 wovld con-
sider it alarming”) no positive indication of deviation from she
defined levels could be determined until tke final interview. Iack
of understandable meaning or comparability of his data with the other
S5 caused it to be diecarded. The net result was seven Ss in Croup A
and nine in Group B, since one subject participated as a member of
both test groups.

Test Procedure

RBeference D movie describes a.il test procedures in detail. Sz wore
f1light coveralls, athletic supports, eireet shoes, and light gloves
to the test preparation area. A medical examination was completed,
after which the experimenter (E) questioned S bricfly on condition,
activity, and sdditionsl post Test observations from the last session.
E resd instructions (Appendix A) to S and checked to make sure that
they were understood.
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2311 test personnel then assumed their test statioas. A commnication and
preperedness check was completed, S wvas informed that ke had sbout 30
seconds before the test started, and the ECG syrtem wes started for a
pre-vibration record. At the end of 30 seconds fur a nor -vidbrating base
BECG, the vibration onset spparatus was started. S then identified the
four levels as the amplitude onset contimued.

Ss identified the four levels for three frequencies on each test day. ¥or
The first two frequencies vibration was stopped by S releasing the cut off
svitch after idrntifying the fourth level, "Alarming". For the third fre-
quency S held the switch down, the vibration onset rate was reversed
imdiately after the fonrth level waz reached, and S identified levels 3,
2, 1 in that order as vibration amplitude decreased to zero. Some of this
data was lost becsuse Ss inadvertently released the svitch after dcﬂning
the fourth level,

The ECG recording continrsi for 30 seconds after each test frequency.
After this the experimenter (E) would enter the vibration chember ard
record S's gereral comments on bodily response to the frequency. At
the end of 2.5 mimutes, E would return to his station.and coordinate the
test for the ne.. trequency. +#i. the end of the third tect for the day,
this procedure was changed with & first being taken to the preparation
ar=a for an immediste post-vibration physical exam, after vhich comments
on the third frequency were collected along with general comwents on the
test session.
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RESULTS

Results and analyses for this experiment are summarized in figures &

L through 1% and in Tables T through III, Data hag heen cr~anized to

i include all test information for data analysis via graphical, tabular,

N and statistical methods. Susmary curves (figures 4 and 5) based on a

[ i mean, best fit, smooth curve indicate group trends and general relation-

, ships. Additional curves (figures 6 - 14) show individual variability
for each level with statistizal analysis of varisbility and differences
included in Tadle IX. The range of subject variadbility for the four
levels of this tcst is showm in Figure 14, It is suspected that similar
variability occurred for most research condvcted in the past vhich records

. data cimply as a mean, or as & mean and standard deviation (suggested

il from data and comments of References A, F, 0). A summary of subject and

: experimenter observations appear in Table III, and raw data for each
subject has been plotted in Appendix B.

i Figures 1, 4 and 5 present this data cn different coordinate systems so
thet all graphical systems used in reporting other research on vibration

fi Judgment are included and direct comparison of research cfforis can te

1: sccomplished as necessary.

- Figure 4 illustrates correlations between physical characteristics of

it vibration and human judgment. The special log coordinate system relates

vector velocity in inches second (V), vector acceleration (G), dcuble
amplitude (A) and sinusoidal frequency (P) through the equetions 5 -
.0511 ¥°A ard G = .0163 FV. Tsble T summarizes these and shows the
correlation of each with judgment for given frequency ranges. An
additional relation for jerk (=8 Y3 FJA) or rate of change (Reference H)
in vibration acceleration is shown by one line only to avoid excessive
confusion in interpreting the system.
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TABLE I

Summary of Judgmtnt Correlations As a Fmction of Frequency
{from Figure 4 Page 16)

All lovels VXK For 1, 13/2 cps
Level 1 G2 X For 2 to 5 cps
Level 2 3%K Yor 2 to 8 cps
Ievels 3,4 GXX For 2 tc 8 or 10 cps
level 1 AX X For 5 to 16 cps
Level 2 A%¥X For 8 or 10 to0 16 cps
levels 3, b V¥ X Por 8 or 10 to 16 cps
All Ievels AVaG ¥ X For 16 - 27 cps

Pigure 5 includes the same information, plotted as a function of G vs
frequency to 1llustrate freguencies at vhich the body is G sensitive .
Restrictions on this Zate and suspected for other vibration research
data are suggested in figures & thrcugh 1%, whick include all individual
varisbility for each level. This information is included to illustrste
S variability ard the reason for the delief that body type is important
in Judging vibration.

Sc tended toward more (apparent) viclent movement of axtremities, regard-
less of relative weight. However, the alarming level involved highest
accelerations for a cross section of §s, with s_se and sight as foliows:
6'1", 192 1/2 1bs; 5'9 1/2", 156 1bs; 5'T 1/2", 173 1bs; 5°7", 1T2 1bs.
Ro correlation could be determined for body characteristics and freguency
or swpiitude.

Inspection of the data curves may appear to provide sufiicient c¢-Ctainty
for the indicated data trends. However; only by using statistical teche
niques, cuch as are summarised in Teble II, (Page 29) can it be deter-
mined vhether differences are due to chance and no:mal fluctustions or
related to some resl difference in tested conditions. For these tests
the 5 per cent level of confidence commonly used was considerec sufficiept
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to determine wiether resl differences occurred. In other words, when
the mathematical probability was that the obtained differences would
occur by chance 5 times or lees in 100, it was accepted that a real
difference was recorded. .

-
[

b

on ——
i

Group differences suggested by graphical comparison are shown to be
significant in Table II. Several factors could be contributing to

these differences including §s variability, differeant M.D. monitor

for tae two groups, or the fact that Group A finished the series prior
to Group B starting (so tkat B Group knev that tbere had been no probleus
and could have t-en less conservative as a result).

- ——
R p—,

Differences betwveen Ss within each group were also indicated, with some

r‘g Se in both Group A and Group B differing significantly from others. How-

i ever, the statistical test shows that levels are dictinct even with the
1 wide individual variability, and that judgment levels varied significantly
' according to frequency. Significant interactions (from Table II) of
frequency and Ss, and levels and subjects, suggest that both frequency
i and factors related to dispiacement such as amplitude, velocity and
acceleration were affecting judgment of vibration by 8s.

i o —y
g

Data on S and E observations of affected body area and functions are

prescnted as a scattergram in Table ITT, Reports of affected body

area vs frequency emphasized a shift in effect which occurred as fre-

i quency increased. Reports shifted from the lower to upper thoracice
abdominal ares then to the head and relatsd organs with increasing

rn frequency. A similar result occurred with the extremities, with tend-

I encies for the effect to become more localized with increasing frequency.
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TABIE 1I
by SUMMARY VARIAKCE TABIES
i, Comparison of Experimental Groups A & B
v at 1 1/2 and 1€ cps to Determine Whether the Groups are Different
I Source of Degrees of - Sun of  Mean of F Variance
L Variation Treedcm Squares Squares Rat’o Significance
[ Groups (G) 1 1,9 1.9 19.0 . 001
Frequencies (¥) 1 10,0 10,0 100.0 001
o ievels (L) 3 10.4 3.4 34.0 .00
- GF Interaction 1 .6 o6 6.9 .001
. GL Intersction 3 1.1 A 4,0 «05
F FL Interaction 3 0.0 .0 .- .-
_ GFL Interacticn 3 0.0 .0 - - - -
§§ Within cells 9% 9,7 .10 - - - -
i Total 113 33.7
N
it Group A Amlysis of Variance
n Source of Degrees of Sum of Mean of F Variance
gg Variation Freedca Squaves Squares Fatio Significance
4 Subjects (S) 5.0 2,56 51 56,8 +001
g mei‘s (F) 7.0 3.77 053 5809 .001
i levels (L) 3.0 10,15 3,38 375.6 .001
SP Interaction > 1.14 .03 33 01
e SL Interaction 15,0 1,28 1)) 10,0 .001
y FL Interaction 21,0 <30 01 1.1 - -
: SFL Interaction 105,0 294 +009
L Total 191,0 20,13
{ Group B Amalysis of Variance
("
i Source cf Degrees of Sum of Mean of F Variance
Variation Freedon Squares Squares Ratio Significance
1: Subjects (S) 8 8.8 11 35,7 .001
‘ Freq'-iemiel (F) 8 2”0“ 2056 8503 .ml hend
s Levels (L) 3 33,91 11.30 37.7 001
{ SF Interaction 64 10.7% .17 5.7 001
; 31 Intleracilon 24 3.50 +15 5.0 002
FL Interacstion 24 1,01 <04 1,3 - -
[ SFL Interaction 165 _hekd .03
L Total 296 82,96
[i
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DISCUSSION

As the first experiment in a series designed to study effects of vibration
on human performance, this research was designed to per.dt selection of
vibration intensities for performance testing and to provide a general
oricntation for later experimenis. Other studies (e.g. Referciices A,

F, P) have shown that vibration asccelerations humans will accept varles
scconding to frequency. Assuming that these (varying) acceptable
accelerations are indicators of body limits for vibration accelerationms,
it followed thv & arbitrarily defining constant accelerations or amplitudes
for the different frequencies could involve undesirable potential danger,
such as exceeding physiologicel limits that were not inciuded in the
purpose of this program. Since accepted acceleration range had varied
with frequency for cther studies, it alsoc followed conversely thatv
performance measures should be made over a broader acceleration range

at some particular frequencies than at others. This approach would be
necessary to insure inclusion of performance data over the vibration
ranges which are acceptable to human subjects, and therefore, might

occur in operational manned systems.

Disagreement between referenced reports in deseribing acceptable vibration
ranges led to the conclusion that these differcuces might best be resolved
by independently deriving appropriate vibration levels for the performance
tests of this program. Accordingly, subjects identified a series of
vibration iniensities as being (1) definitely perceptible, (2) mildly
annoying, (3) extremely smnoying, and (L) alarming, in this experiment.
The four vibration levels so defined would then identify vibration
conditions ai which later experimental measures of performence could be
made.,

Analysic of the data indicated that integration of individual datum points
into a sumrmary curve was feasible, although certain restrictions must be
recegnized. These restrictions are:

Significant differences between subjects were indicated, evidently
because of a difference in orientation and framework. This in-
dication was snown by differences between successive test groups,
i.e., Group A followed by Group B with Group B defining significantly
higher accelerations for the four judgment levels. No correlations
to aid in explaining this relation could be found between Judgment
level and body type, experience, or procedures. Reanalyzing differences
in test conditions indicated the following potentially significant
influences: NMedical monitor (a different M.D. was assigned to each
group), subjects, and calendar sequence {Groun A having completed the
tests before Group B started). Medical procedures were unchanged

N
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(thus minimizing possible influence from M.D. change) and there was
rno obvious difference veiween subject groups which could lead to the
reported differences. The major distinetion hetween groups was in
Group B's knowledge that the entire procedure had been completed
without problems. &Evidence of & simuliar factor cont—ibuting tc
differences between subjects within each group was found in the
comment of one Group A subject who accepted higher accelzrations.

He felt that with the control he had of the system and other
precautions taken for the subject's welfare, there wms really nothing
to worry sbout. Corvereely, {and 11lustrating the varying frameworks)
another sub‘ect rejected the scale to be used and substituted a
personal, more conservative definition for the four levels.

Since vibration curve trends were similar for all subjects, the
differences are considered to be related to semantics (or the
meaning of words as influenced by personal background knowledge).
Therefore, the derived levele could ba accepted as usable for
their intended purpose as the vibration ievel intensity for
succeeding experiments.

The variation in acceptable acceleration ranges according to frequency
found by previous human vibration researchers was supported by the data.
Not only were acceleration differences between levels found, tut acceler-
ations were relatively higher in the 1 1/2 and 18 cps ranges. The data
differed particularly from prior research reported in that an increase

in acceleration paralleled increasing frequency from 8§ or 10 to 18 cps.
Although Zeigenruecker and Magid.(Re£Erence P} report a parallel function,
Gorrill and Snyder, and Goldman {References A and F) report nearly con-
stant accelerations in these frequency ranger.

Analysis of the latter two studies indicated that differences in equipment
and subject configuration which appeared to cortribute to differences in
data which are noted in the curves of figure 6. Jorrill and Snyder used
an eircrew seat of different configuracion, an ejection cushion, full
flight gear (helmet, coveralls, beoots, parachutc, and oxygen mask) lap
belt, and shoulder harness. The different judgment levelr required subjects
to project tneir responses over time, e.g.: This vibration actually
experienced for 2.75 minutes in the laboratory could be endured for one
hour, 15 minutes, or Lwo Lo three minutes in a Lypothctical operational
mission. Chair configuration, foat rests, and control wheel differences
appear %o present the greatest potential source of differences in erperi-
mentel resnlta. A strong sushioning effect would be associated with the
vibration at the seat, raising questions about ccomparahility of this
7ibration to the present study even though xeasured accelerantions might

be the same. The cantilever arrangemznt of the feot rests used in that
study may have permitted strong resonant accelerations on the sole of the
foot prior to any other part of the body. The cintrol column arrangement
would have permitted similar inputs to the palms and Instructions would

._..__..—--—«;




BHEING GOEwI0H

D3 ~ 3512-1
Paze 33

have permitted any of these inputs to be recorded.

There were not so many differences in configuration betw.en the curreat
study and veports included in Goldman's data. Checking his references
revealed that emphasis was on comfort es a passenger in wheeled vehicles,
which would provide a different orientstion of subjects. The use of seats from
automobiles in a vibration exciter suggests an effect from cushioning
as potentially influencing results in the data summery reported by
Goldman. Paral.els in results from the present experiment with the
curves and test configuration reported by Zeigenruecker and Magid
(Reference P) are more evident. In their study, foot rests were fimm,
reinforced board seats with no cushions used and the seat configuration
appearcd similer to those of the present study. Subjects differed from
the present study in that a helmet, externded hand grasps attached to
armrests, and shoulder straps were used. Test configurations and
supports, cnd subjects operational framework appesr to be related to
discrepancies betweer studies.

The curves obtained by integrating the data and plotting a smooth function
were plotted on a special coordinate system for enelvsis of vibration
Judgments v8 velocity, acceleration, and double amplitude. The curves
of figure b indicate that velocity was essentially constant for judgments
at 1 =nd 1 1/2 cps. Above 1 1/2 cps, acceleration was relatively
constant, but associated frequency i1ange varied according to judgment
level for & to 6 cps. Acceleration was constant for level 1; 2 to 8 or

10 cps for levels 2, 3, and 4. Then erphasis shifted primarily to a
function of dovbl:2 amplitude up to 16 and 18 cps, although level &4
approximates constant velocity in this regilon. Above 16 and 18 cps,
Judgment ievels ave best described as being a function of double amplitude
vs acceleration. Accelerations were higher near the frequencies of
11/2 and 18 cps, lower at 1, & tc 10, and above 20 cpe.

Reference to individual curves in the appendix and in Tigures 6 through

1 indicates that overlap between levels among the subjects judgments
occurred but suggests that distinct differences between levels do exist.

‘This is further supported by the results of statisticul analysis shown

in Taebie II with less than one chance in 1,000 that the obtained dis-
tinctions in levels are out of the ordinary. Study of these figures also
suggest that judgment or acceptability of vibration is affected by frequency,
(supporved by statistically significunt frequency-Jjudgment level interactions)
and that subject differences are significant. Figures 7, 9, 10, z1, 12,

and 13, effentively present the latter comparisons, with maximum acceler-
ations for a given level varying {for aiffercnt subjects) from 1 to 4 and

16 tc 20 cpe. However, the genmeral curve trends are similar for all
subjects.
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Ansiysis of iaterview data and body characteristics were conducted to
determine whether any statements or characteristics could be correlated
with responses obtained, with changes in fregquency, or with caanges in
acceleration.

Some of the effects from changes in frequency or acceleruntion are discussed
with the curves. The major aided factor from the interview analysis wss
the definite correlation between affected body aree and frequency in-
dicated in Table I. Two trends are shown by tabulation of reports of
affected body area vs frequency. The effect shifted from the huttocks
and lower thoracic sbdominal areas at low frequencies to the upper body
areas as frequency increased, and were concentrated in the heal region at
27 cps. The reports of effects on extremities were less clear cut, but

a similar trend occurred. Here, the trend was from whole extremity cffects
to localized areas as frequency lucreased. These shifts iu affected area
vs frequency show considerable overlap of effects in the vicinity of 8
cpg, with a large total muwber of reports in this region. The liierature
(e.g. References A, E, F, L) suggests general acceptance of a theory of
internal organ resonence and Megid and Coermamnn (Reference L) report
supporting evidence for this concept. However, it is poesille tlhat an
added factor which has contributed to lowered threshold is a psychological
summation of effects from the many body regions responding to vibration

at these frequencies.

Table III correlations of frequency and body effects, combined with the
curve analysis at specific frequencies described earlier, were expected to
provide information for analyzing differences in judgment of vibration
related to body characteristics. EHowever, no specific correlations were
cbvious. Although the analysis was somewhat gross, it is suspected that
distinct definition of body characteristics using subjects who are clearly
representative of each body type category, and with more sessions per
subject, will be necessary to clarify any relation between body type

and psycho-physiological response to vibration. A more accurate method
of body typing may also be required.

Similar study is considered necessary 4o adequately analyzo veriation in
4iet, elimination, and rest. Relutively minor control o’ these items was
sufficient to insure that subjects hevits were similar, so that no dis-

crepancies from living habits could be expected, nor were any discovered.

Data Application Possibilities

In considering application of the data reported, certain restrictions must
te congidered. The vibration levels derived in this study are for short
time periods with sinusoidal vibration only, and are apt to decrease with
longer exposure times since vibration is considered to have an accumlative
effect. Magid and Coermann ( figure 6) presented data showing the decrease
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in tolsrance limits as exposure time increased. It will be noted that date

curves from increasing exposure time to three minutes for that study over-

lap the curves for this study. For this reason it is considered highly

gesirz;.ble to avoid the fourth level accelerations in this region (3 te
cps}.

Combining this intormation with known aircraft vibration ecceleration
peaks, it is known that aircraft peak accelerations exceed the levels from
thi. study on an occasional basis although the effects on operator per-
foruance are not clear. From this, it is concluded at this time that
occasional exce lance is acceptable, but that long or repetitive sequences
exceeding these levels are highly urndesirable in terms ol bodily effects.
Knowledge of effects of these accelirstions on performance are not known -
more conservative planning for opersticnal vibration spectra may become
necessary &8 remaining studies in this project are completed.

For the design engineer, the most useful application of these curves would
be in meking decisions regarding amount of vibration to be permitted in
the crevw enviromment and modifying vibration by structural or other methods
to dissipate the energy at a frequency less troublesome to crew members.

Insight into the effects of vibrstion on specific parts of crew task re-
quirements as part of the job function may also be obtained. Reviewing
Table III in conjunciiun with the task "parts", will permit understanding
the most likely task parts and most critically affected performance re-
quirements. {With this information appropriate provision in design
planning should be of assistance in defining better task requirements

and probeble vibration effects on associated performance.) Directly
applicable information on the amount of these effects will became
available as part and combined tasks are studied for effects of vibration
on performance later in this program.

Future Study Requirements

Some studies that could be considered desirable or necessary have already
been suggested. During the preparation and conduct of experimental efforts
to date, a need became obviocus for informetion in several areas not directly
related to this program but pertinent to understanding, integrating, and
applying resuiis oi this and other programs.

One of the more pressing requirements is for a complete literature review
and integration ot human vibration reports which are readily avuilsbie
for aistribution. Bibliographies and reviews which are available tend
to be oriented toward s particular application or interest area and are
limited in scope accordingly. A good general bibliography, review, and
integration of all data frcm all reports into a human vibration design
handbook is required. The nature of the available reports and of the
disciplines that have been in%erested in the field suggest that a com-
prehensive review would best serve its purpose if divided into +three maior
sections: (A) Tuman Engineering Design Deta, (B} Psycholozical Data,
and (C) Physiological Data.

]
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Very little research on effects of rendom vibration from operational
vibration environments has been reported, most studies having been con-
cerned with defining effects from sinusoidal vibration. While these
efforts have been useful in clarifying relationships, they do nct fully
define the problem. No data sre available ror ceflining +he extent to
vhich sinusoidally derived data can be applied in the random vibration
enviromment, although some exploration has started and are reported in
D3-3512-2 of the current series. These data, preferably in the form

of conversion factors (or a transfer function) are necessary to predict
effects of a given operational vibration environment on performance.
Failure or inability to discover such functions may require human
operational testing for each new vibrating system to fully detsrmine
vibration effects on capability. It also may mean that data derived
with sinusoidal vibration is of little value for operational application.
For similar reasons, the effects of long time exposure to sinosoidel and
random vibration require study.

4

In the rationale for the scaling (or levels) system used, it was suggested
that semantic differences could be reduced, and more consistency between
subjects result, if other techniques for psychological scaling were used.
As indicated, these techniques were not used in this experiment because
the processes involved werc too complex ard time consuming for completion
vithin the scope of this program. Review of the data and the support
given (vhich indicates that semantic, or word meaning, differences
between subjects were present) indicate that extensive study to define
vibraticn Jdcceriptions more precisely is desirable. This study will

be necessary if the most precise description of psychological response

to vibration is desired, or if a more consistent psychologicel des~
criptior of vibration is to be derived.

A combination of precise psychological scaling and knowledge of the
mechanics of individual and combined hody organ and tissue respcnse is
considered necessary to fully define body resonance and sensitivity to
vibration. Any attempic tc correlste body typs and other features with
psychological and physiological response to vibration will be gross {and
resultant discrepancies between studies are expecied to continue) until
this information on scaling and mechanics is made more precise.

Knowlsige of body organ response snd the psycliological effects are
particularly desirable for study %o edequately identify restraint aud
support systems for vibrating enviromments. The directional axes and
extent of vibration reletive 4o restraint, supports, and geating
arrangement may require extensive date and analysis to arrive at an
optimum configuration for a given condition.
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Cther areas that smerged as being pertinent to better describing vibration
effects were based on literature reviews, analysis, and cbservation. In
view of tradeoffs for training requirements, age, weight, and environmental
support vs. payload (particularly for aerogpece systens) , exploration of
these factors for correlation with vibration sensitivity appears desirable.
The large difference between male and female humans in weight snd certain
performence capabilities should be investigated, particularly since
Shaeffér et al, (Reference N) have demonstrated sex-age differentials

for vibration acceptance in other animals.
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APPENDIX A
EXTERIMENT ONE

INSTRUCTIONS TO SUBJECTS
EFFECTS OF VIBRATION ON HUMAN PRRFORMANCE

Since outside discussion may change individual viewpoints and cause an
undesirable competitive situation, you are noi to discuss the instructions
or definiticns with anyone btut the Human Factors Experimenter., We are
interested in your best judgment only.

A, Tor this e: jeriment, you are asked to think of vibration as a general
situation, where no particular operations are reguired and no refercnce
to a particular environment Is desired.

B, You are to evaluate the changing vibration carefully and indicate each
level of vibration defined by pressing a button which will be under
your right index finger,

C. Under no condition are you expected to go beyond the 4th level,
Immedintely after you have pressed the button for this level, you
are to release the switch under your left fingers to stop vibration,

D, It is necessary to evaluate very carefully to determine whether all
levels really exist, since the machine has been limited.

E, If, ir your opinion, vibration becomes too severe at any time, you
are to stop the machine,

F. The stuay will stcp at the 4th level, although othears are defined
to clarify the definitions,

The definitions are as follcuss
1, Definitely perceptible,

2, Mildly annoying.

3. [Extremely annoying.

4. Alarming,

You are to stop the machine here, The remaining definitions are to describe
the rest of the range only.

5. Limit of physical control.
6. Limit of 'roluntary tolerance.

Another term, "Threshold of Perception,” precedtas "Definitely Fercertibie.®
"Threshold of Perception® will nct be defined as part of this test,
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At the end of the second test for the day, the following instructions were
given in preparatiocn for the third test:

For this test, the procedure will be changed, You will i.entify the four
levels as you have been, but will not stop the machine at the fourth level.
Instend, the acceleration onset will be reversed es you press the buttor
80 thet you can identify the first three levela in reverse order. The
identification order will be i, 2, 3, %, 3, 2, I.

|
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APPENDIX B

Thir portion of the report illustrates the four levels of vibration
{definitely perceptible, wildly annoying, extremely annoying, and
alerming) defined by each individual subject. The captions usci
1g.enti!y the subjects for reference to the curves of figures 6 through
14.
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APPENDIX C€

Selected referencas on hurman and animal response to the effecte of low
frequancy vibration,

INTRODUCTION

There doas not appesr to be a vompiehensive bibliography on vibration research,
The ever increasing importance of problems resulting from vibratior nake it
incumbert upon researchars in the ares tc udd to the small and widely scattered
nartial bibliographies now extant. It is hoped that someday these will 2ll

be drawn together into a comprehetisive whcele, The following is net intended

to be exhaustive even as far 23 whole body low frequency vibration is concerned,
It is, as the title suggests, a seo':cted list of references,

Many scurces have been consulied in gathering these references., Bibliographic
research has the character of an exponential progression; each item examined
provides clues to many rore itwms, The following listed items repressant the
major sources utilized in connection with a program of resecrch supported,

in part, by a contract with the 0ffice of Naval Research (Norr-2994-(C0) ).
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Beaupeurt, J, E,, "Human Vibration Problem: Associeted with low Altitude
Flight", Presented at Armed Forcez-National Ressarch Council, Committee
on Hearing and Bio-Acoustics Annual Meeting, Washington D. C,, November
16, 1960,

Boeing Human Factors Unit, *Boeing Humen Vibration Facility", Boeing
Airplane Comp~ny, Wichita, Kansas, Document D3-3301, September 28, 1960.

Borahchevsikiy, I, Ia,, and others, Vliianie ma organizm cheloveka
vibratsii nekotorykh tipov scvremennykh vertoletov i samoletcv, (Effect
of Vibration on Cartain Types of Contemporary Helicopters and Airplanes
on Man) Vosn, med, sh, 1: 74-77, 1958,

Brody, A. W,, DuBois, A, 5., "Determination of Tissue, Airvmy and Total
Resistance in Man," Jowrnal of Applied Physiology, Vel. 9, No. 2, p. 213,
1956,

Brody, A. W.,, amd others, "Natural Freguency, Damping Factor, and
Inertancé of the Chest-lung System in Cats,* Americen Jourmsl of
Fhysiology, 186, No. 1, July 1956,

Brody, A. W,, Lewis, D, H,, and Burgess, B, ¥, Jr,, "Resronse of Chest
Well, Abdomen and Diaphregnm tc Foroed ®wcillations of Volume "
Federation Proceedings, Vol. 13, p. 38, 1954 (Foderation of American
Socletiss for Experimental Biology).

Coermann, R,, "Effect of Vibration and Noise on the Human Organism,"
ATI-55001 (Litrary trarslation No, 121, October 1946, Royal Aircraft
Establishment, Farnbercugh, Hants),

Coermann, R,, and Ziegenruecker, G,, "Investigaticr of the Dymamie
Properties of Inner Organs of the Human Body,* USAF Aero. Med, Isb.,
Technical Report (in preparation),

"

Coermann, R,, Untersuchungen uber die Finwirkung vol Schwingungen suf
den Menschlichen Organismus (Investigations Regarding the Effects of
Vibraticn on the Human Organism} Jahrb, Deutch. Luftfalirtforschung,
J: 111-142, 1928, (See also: Luftfahrtmedizin, 4¢ 73.117, 1940}
WADC Tramslation No. 349. Undated,

Coermann, R,, "Mechunica. Impedance of the Humen Body ia the Sitting anmd
Sinuding Position ami Iis Significance for ihe Subjeciive Tolerance to

ibrations ™ Paper presented at the 3rd Annusl Meeting of the Biophysicel
Society, Pittsburgh, B, , February 1959,

Coermann, R,, "The Response of the Human Bory to Low Frequency Vibrations",
Paper read before the Hociety ot ixperimental Stress Analysis Annual
Meeting, October 21, 22, 23, 1959, Detroit, Michigan,
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Coermann, R,, and others, "Passive Dynamic Mechanical Froperties of the
Humen Thorax-Abdomen System and of the Whole Body System." Aerospace
Medicine Vol, 31, 443-455, June 1960,

Cope, F. W., "Problems in Human Vibration Engineering," Aviation Medicel
hcceleration laboratory, Froject NM 18 O 12,4, Report No. 2, Johnsville,
Pa,, March 1959,

Crook, M. N., and others, "Effect of Amplitude of Apparent Vibration,
Brightness, and Type Size on Numeral Reading," The Institute of Applicd
Experimental Psychology, Tufts College (USAF Air Materiel Commard,
Wright-Fa.terson AFB, ATI 02222),

Crook, M, N,, Hoffman, C,, and Wessel, N, Y,, "Effect of Vibratlion,
Illusination and Type Sisze on Legibility of Numerals,® ATI-A072, USAF
AMC, Wright Field, Dayton, Memorandum Report, 23 June 1947,

Crock, M, N., and others, "Studlies of the Effect of Typographical Spacing
on the Legibility of Numerels Umler Vibration,® Tufts College, Aero
Mecical Iaboratory, ATI-139063, (USAF Wright-Patterson AF3, Engineering
Division Memorandum Report) 28 Dacember 1948,

Iavis, H., "Vibration and {ts Physiological Rffects,* Medical News
Letter, Aviation Supplement, 9: 1-4, 1948,

Dieakmana, D,, Mechanisches Model fiu den vertikal schwingenden
nenschlichen Xorper (Mechanical Models for the Vertically Vibrating
Human Body), Internat, Ztschr. angev, Physiol, 17: 67, 1958,

Dieckmann, D, Finfluss horizontaler mechanischer Schwingungen auf den
Menschen, (Influence of Horizontal Mechanical Vibrations on bumans),
Intermat, Ztschr, angew, FPhysicl. 17s 83, 1958, .

Dieckwasw, D, Finflusa vertikaler mechanischer Schwingungen auf
den Menschen, (Influence of Vertical Mechanical Vibrations on Humans),
Internat, Ztschr, angew. Physiol. 16: 519, 1957.

Dieckmann, D, "Study of the Influence of Vibration on Man,® Ergonomics,
;: 345-355’ 19580

Dubnis, A, B,, Brody, A, W., and Lewis, D, H, "Oacillation techanics
of the Lungs and Chest in Men,® Journal of Applied Physiology, Vol. 8,
No. 2, P, 587, May 1956,

Elfson, D, G, and Wheeler, L, Jr. "Resonance in the Human Operator,*
USAF hAero Med, lab. Tech, Report No, 5224, 10 peges, April i951.
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Fibikar, R, J, "Touch and Vibration Semsitivity," ¥Froduct Fngineering,
November 1956,

Forkois, H. M, and Conrsd, K. W, "large Displacement-Amplitude Machine
for Pnysiological Applications,® Naval Research ILaboratory, Report ho.
4151, Weshington, D,C., Junz 1953,

Fowler, R, C, "Damage to Animels Due to Vibration,* Supplement to
Shock and Vibration Bulletin No, 22, 16-19, 1355.

Franke, B, K, ard Hildreth, K, H, "local Vascular Response Lo Vibrations"
WADC Tesh, lote 56-297, AD=371C6, July 1956,

Franke, E, K. “Mechanica of Vibration in the Human Body" Suppiement to
Shock and Vibration Bulletin No, 22, 7-15, 1955,

Franke, E. X., von Gierke, H, E,, Oestreicher, H, L., et al,, “Physlcs
of Vibrations in Living Tissues," AF Tech. Report No, 6367, USAF Air
Materiel Commanc, Wright-Fatterscon AFB, Deyton, Ohio, ATI-108 737,
February 1951,

Getline, G. L., "Vibration Tolerance Levels in Military Aircraft,?
Supplement to Shock and Vibration Bulletin No, 22, 24.27, 1955,

Giedt, R, R., “Vibratior Measurements and Thelr Meaning," Rocketdyne,
Canoga Fark, Californis, {American Rocket Society (ARS) Peport presented
at the ARS Semi-Annual Mseting, Statler Hotel, Los Angeles, California,
ARS 619-58, June 9-12, 1958.

Goldman, D, EB,, "Effects of Vibration on Man,* Handbuok of Noire
Coutrol, 1957,

Goldman, D, E,, "Mechanical Forces Acting on Aviation Persciwiel,"
J. Aviation Med. 17: 426-430, 1946.

Goldman, D, E,, *Mechanical Vibration and its Effects on Man,® Naval
Medical Research Institute, Tecture und Review Series No, 52-1,
Bethesda, Maryland, February 1952,

Goldman, D, E.,, "Review of Subjective Responses to Vibratory Motion of
the Humen Body in the Prequency Ranse 1 t2 70 Cycles Peor Second,* Naval
Medical Research Institute, Project NM 004 001, Repurt No, 1, Bethesca,
Marylard, Maren 1y48,

Gorrill, P. B., Snyder, F, W., "Preliminery Stwdy of Al crew Tolerance
to lov Frequency Vertical Vibration,” Bceing Alrplane Company Document
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Grandipierrs, R, and Grognot, P,, "Ettects physiorathologiques des
vibrations transiises par l'air en aviation; les moyens de protection®

{rhysiopathologlical Effects of Vibrations Transmitted by Air in Aviation;

Means of Protection) Med, Aerorent, 10: 309-344, 1955,

Griswold, H., E., Cunningham, D, M., Wilson, G, P., "Mechanical
Amplituda-Frequency Response #f the Human Body," Federation Proceedings,
Yol. 14, P. 64, (Federation of American Societles for Experimenial
Biolosy;, 1955,

Guillemin, V, and Wechaberg, P., "“FPhysiological Effects of Long ferm
Rspetitive Exposure to Mechanicel Vibretion," J, Aviation Med, 24:
208-221, 1953,

Guillemin, V. an? Wechsberg, P., "rhysiological Effects of Mechanical
Vibration,* School of Aviation Medicine, Project NM 21.1203-0002,
Fandolph Field, Texas, January 1953,

Hawkins, R, D., "“Analyzing Shock and Vibration Fifects with iigh Sp:ed
Fhotography,* Machine Design, 214-218, April, 1955.

Hettinger, T., *Der Finfluss simsformiger Schwingungen auf die
Skeletmuskulatur,* {Influence of Sinusoidal Vitrations on Skeletal
Musculsture), Internat, Ztschr. angew. Phyelol. 163 192-197, 1956,

"Human Deactions to Vibration ard Impact,* Boeing Airplane Company,
Seattle, Weshingion Document D2-5482, 25 January 1960,

Jacklin, H, M,, "Human Rezctions to Vibration,® S.A.E, Jourmal, Vol.
39, No. 4, October 1936,

Iceh, M,, "Further Investigation of the Influence of Whole~-Body
Vibration and Noise on Tremor and Visual Acuity,® USA Medical Research
iab,, Report No. 165, 1955.

loeb, M., "Preliminary Investigation of the Effects of Whole-Body
Vibration and Noise,"” USA Medical Research lad,, Report No. 145, 1954,

Ioeckle, W. E,, "Fhysiological Effects of Mechanical Vibration,® in
German Aviatlon Medicine world War II. Vol. 2, pp. 716-722, Washington,
D, C., U, S. Government Printing Office, 1950,

#Magzid, E, B,, ard others, "Human Tolerance to Whole Bcdy Sinusoidal
Vibration" Aecrospace Medicine Vol, 31, 914-924, November 1960,
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